During the past five years studies on proteinuria induced in rats by the intraperitoneal injection of various proteins have been carried on in the laboratory of the Renal Clinic at Stanford Hospital. The integrating ideas behind the design of the studies were that the undamaged glomerulus of the rat is normally permeable to small amounts of protein; that in the course of the formation of the large daily glomerular filtration volume a relatively large amount of protein is filtered through; that some reabsorption of the protein takes place along the course of the renal tubule; that the renal epithelium can reabsorb a certain maximum amount; and that, therefore, proteinuria will result if the renal epithelium is overloaded with protein. These studies were carried on without systematic histological investigation of the available material. It is the purpose of the present paper to report some of the preliminary findings, the primary concern here being to trace the fate of the injected hemoglobin with the aid of histological and histochemical techniques.
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The notion of glomerular filtration and tubular reabsorption of large molecules, including proteins, is not new. Athrocytosis has been described by GCrard (1) as a "characteristic property of the vertebrate nephron" arising after the absorption of electro-negative colloids through the apical surfaces of renal epithelium, followed by intracellular "flocculation" of the absorbed material. The term athrocytosis, according to Lison (2) , was first used by Burian, later by von Mollendorf, then resurrected, after a period of disuse, by G~rard and Cordier (1) ; it is equivalent to the German term 164 RENAL ATHEOCYTOSIS strongly favor the view that protein molecules are continually passing into the glomero ular space and being reabsorbed (athrocytosed) by the epithelium of the proximal convoluted tubules. These considerations are: (1) mammalian glomerular fluid cannot be called protein-free by actual test, it can only be said to contain less than 25 rag. per 100 cc. of filtrate; (2) if the concentration of protein in the glomerulax filtrate were only one one-thousandth of its concentration in the plasma, i. e. about 7 rag. per 100 cc., a proteinuria of 0.6 gin. per 100 cc. would result, in the absence of tubular reabsorption; (3) exertion, even moderate, is commonly followed by the appearance of protein in the urine; furthermore Oliver has presented histological evidence of the reabsorption from the tubular urine of gelatin, gelatin polymer, horse serum albumin, and calcium gelatinate by the cells of the proximal convoluted tubules in rats. There was no evidence that the glomerular membranes were damaged prior to, or by, the passage of these large molecules.
If such filtration and reabsorption does occur in the mammalian kidney, under physiological circumstances, as seems likely, there must be some mechanism in the renal epithelium for disposing of the protein. If even only a very small fraction of the plasma protein were filtered out in any one circuit of the blood, the formation of approximately 180 liters of glomerular filtrate a day, as in the human kidney, would yield a considerable quantity of protein which could not be stored indefinitely. In this paper hemoglobin is studied as an example of how such protein might be handled.
Smetana (5, 6) has studied the kidneys of urodeles, mice, rats, guinea pigs, rabbits, and dogs, using various proteins linked with the disodium salt of 2-naphthol-3:6-disulfonic acid. This firmly linked protein-dye complex was prepared from crystalline egg albumin, dog serum albumin, casein, and peptone. It was given intravenously to the test animals. He was able to demonstrate brightly colored droplets of the complex in the renal epithelium of the proximal convoluted tubules in urodeles, rats, mice, and dogs, but was not able to find them in guinea pigs and rabbits. In the urodeles the droplets showed no signs of splitting or digestion and were present as late as 328 days after injection. Smetana concluded that such reduction in number as did occur was due to desquamation of entire cells, or due to the discharge of particles from the tubular lining cells through tiny pores in the basement membrane, after which they were taken up by phagocytic stromal ceils. In the other animals he found widespread storage of the protein-dye complex in the reticulo-endothelial cells of the viscera as well as in the renal epithelium, but again there was no evidence of digestion or disposal of the material.
Smetana's protein-dye complex behaves much like a foreign body and gives us little insight into the nature of a process by which the kidney may be able to deal with athrocytosed protein. Possibly his compound was denatured and in some way resistant to enzyme action. The protein-dye complex was toxic and it was possible to give only relatively small doses. Hemoglobin, on the other hand, can be injected intraperitoneally in large doses into rats without ill effect. Moreover, hemoglobin has a natural "marker" prosthetic group which gives it a distinctive color and staining reaction, making its identification in the tissues easy. As a further advantage its breakdown can be studied by the histochemical demonstration of released iron.
Materials and Methods
Rats, of approximately 150 gin. body weight, from the colony maintained at Stanford Medical School by Dr. Addis, were taken off stock diets and limited to 10 per cent dextrose ad liblturn during the course of the experiments. Purified human hemoglobin, 1 prepared by the method of Hamilton and Farr (7), was injected intraperitoneally twice daily, at 4 p. m. and 7 a.m. A complete course of injections consisted of five doses of 16 cc. each. The hemoglobin solution injected t contained 6.2 gin. per 100 cc. and was made up freshly from a stock solution, standardized colorimetrically at frequent intervals, containing 9.6 gin. per 100 cc. Thus the rats, on the average, received 5 gin. of hemoglobin (33 gin. per kilo) if given the complete course. A single injection of 1 gm. amounted to 6.7 gin. per kilo. As shown in the tables the urine output per hour, excretion of hemoglobin in the urine and serum hemoglobin were determined, s and the rats were killed, by exsanguination from the aorta under ether anesthesia, at varying intervals after the first injection. In the first experiment (Table I ) the kidneys were weighed and fixed in 10 per cent formalin together with liver slices. From paraffin blocks sections were cut at 8 micra and stained with hematoxylin and eosin, azocarmine, and Dunn's (8) hemoglobin stain. Iron released by the intracellular breakdown of hemoglobin was identified histochemically by a Berlin blue technique. The modification of the method used here involved the immersion of the section, for as long as 25 minutes, in a freshly prepared solution made by mixing one part of 2 per cent potassium ferrocyanide with three parts of 1 per cent hydrochloric acid. The pigment thus identified is referred to as hemosiderin. 4 In addition to the preparations mentioned, unstained formalin-fixed sections 1 or 2 ram. thick were cleared by the Spaltcholz technique (10) and were examined under the dissection microscope. In this way it is possible to observe the disposition of intraluminal "casts" in a manner impossible with routine sections. In the second experiment (Table II) spleen and femoral marrow in addition were fixed in 10 per cent formalin and studied. Note on the cytology of rat proximal convoluted tubular epithelium: In the colony of rats used in these experiments the renal epithelium of the proximal tubules, as studied in formalin-fixed preparations stained with hematoxylin and eosin, is devoid of particulate elements except for a very few hyaline droplets, seen only after careful study with the oil immersion lens. Very rarely an intracellular droplet of yellowish brown pigment, which may or may not give the Berlin blue reaction is found. All of the rats show a moderate degree of phagocytosis of hemosiderin in the spleen. These changes are attributable to latent Bartonella infections, to which the rats will succumb if splenectomized. It has been observed in control tissues of rats from other colonies examined in this laboratory that, in association with advanced hemosiderosis of the spleen, large numbers of pigmented bodies may be found in the proximal convoluted tubular epithelium. Some of these give the Berlin blue reaction, others do not. They do not have 1 Furnished by Dr. R. B. Penneli of Sharp and Dohme, Inc. This work was aided in part by Grant R.G.85 from the U. S. Public Health Service.
20smometric determinations of molecular weight on samples of the solutions injected, carried out at the California Institute of Technology under the direction of Dr. Linus Pauling, gave results between 62#00 and 68,000.
3 These determinations were carried out by Miss Jan Ureen of the Renal Clinic. 4 Lison (9) points out that the in vitro decomposition of hemoglobin into a globin and hematin, thence into hematoporphyrin and iron does not occur in v/go. Here the normal process of breakdown gives rise to an iron-containing pigment, hemosiderin, and another ironfree pigment Hemosiderin has been considered as an albuminate of iron, formed by the union of ferric or ferrous iron with a protein. Recently, however, isolated granules of the pigment have been analyzed and found to consist of ferric hydroxide largely, with about 25 to 36 per cent of protein and traces of calcium phosphate.
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RENAL ATItROCYTOSIS the staining reactions of hemoglobin. Such rats, however, would be unsuitable for studies of the type described in this paper.
Experiment 1 (Table I)
Histological and Histochemical Findings.--g hours after the first injection: in the hematoxylin and eosin preparation there were visible a few rounded, discrete, reddish bodies, aver- (Figs. 2 and 3. ) When examined at a magnification of 22 diameters the renal cortex in the hematoxylin and eosin-stalned sections appeared diffusely orange, and with the hemoglobin stain diffusely greenish. This was seen under higher power to be due to enormous numbers of the intracellular bodies previously described. A few of these were as large as 4 micra in diameter. The amount of demonstrable intracellular iron had increased slightly, though it was difficult to discern pigment in the hematoxylin and eosin preparations. The amount of intraluminal hemoglobin had increased greatly. Examination of the thick cleared sections (Fig. 5 ) revealed that some of the nephrons were beautifully delineated by their content. The distal segment, loop of Henle, and the descending limb of the proximal segment were clearly visualized. The coliecting tubules of the cortex and renal papilla were empty. No more than a few hundred of the total sixty thousand or so nephrons were delineated in this manner. In the liver the parenchymal cells were of normal appearance. There was no hemoglobin or demonstrable iron in either the parenchymal cells or the Kupffer cells. 65 hours:
The most striking change was the patchy distribution of the intracellular hemoglobin and the appearance of large quantities of intracellular hemosiderin (Fig. 4) in the proximal convoluted tubular epithelium. With the Berlin blue technique the outer cortex appeared a bright blue, as seen in slides examined without magnification. More hemosiderin than hemoglobin was present within the cells. In many of the glomerular spaces hemoglobin was present as a hyaline structureless coagulum with characteristic staining reactions. In the thick cleared sections it was apparent that a large number, possibly a majority, of the nephrons were filled in the manner previously described. The renal papilla was cleared and, as before, the collecting ducts were found to be free of intraluminal hemoglobin. A few loops of Henle (Figs. 6 and 8) dipped down almost to the tip of the papilla but were easily identifiable. In the live," there was no hemoglobin or demonstrable iron in the parenchymal or Kupffer cells. 113 hours:
The amount of intracellular hemoglobin had decreased greatly but there was a large amount of intracellular hemosiderin present. In various places in the cortex and medulla the tubular walls had broken down, hemoglobin within the lumina had been extruded, and about this extruded material were clustered polymorphonuclear leucocytes and a few giant cells. In the thick cleared sections it was apparent that most of the formerly filled nephrons had emptied, either completely or partially, leaving dilated, plugged, and tortuous segments (Fig. 7) behind. There was no hemoglobin or hemosiderin in the parenchymal or Kupffer ceils of the liver. 161 hours: Almost all demonstrable intracellular hemoglobin had disappeared from the renal epithelium, though there was still a large amount of hemosiderin. This pigment was seen in two situations: as rather fine droplets, less than 1 micra in diameter, within the ceils of proximal convoluted tubules lined by columnar eosinophilic epithelium which appeared quite normal; and in coarser, more abundant intracellular masses within flattened basophilic epithelium which fined atrophic small tubules. Such atrophic tubules were uncommon. In the liver there was no significant alteration. 185 hours: The number of filled segments seen in the cleared preparations had further decreased. There were many areas of cellular reaction to extruded hemoglobin in both cortex and medufla. Some of the atrophic tubules previously described were present. In the liver a few of the Kupffer cells contained small amounts of demonstrable iron. 329 hours: Almost all of the proximal convoluted tubules were lined by normal appearing eosinophilie epithelium containing fine droplets of hemosiderin, clearly visible only with the oil immersion lens. There were a few clusters of atrophic tubules whose lining cells contained dense masses of hemosiderin. One flat depressed pigmented area seen on gross examination of the cortex proved to be a cluster of these tubules. In the thick cleared sections there were visible a few dilated, tortuous segments. There was no demonstrable intracellular hemoglobin. In the liver the amount of demonstrable iron in the Kupffer cells was perhaps slightly increased.
ax~q~ aTm~ocYxosis
Experiment 2 (Table II) As the table shows this experiment was designed so that larger numbers of rats would be killed at certain key times. Through an error some of these animals received larger doses than had been planned. In this experiment spleen, liver, kidney, and femoral marrow were studied. The marrow was obtained by cutting both ends from the femur, inserting a large bore needle, attached to a syringe, into the medullary cavity, and blowing out the content. Little information was gained from the study of the spleens since a mild degree of hemosiderosis was common to most of the rats in this colony. The only conclusion that could be drawn was that hemoglobin did not appear in the splenic phagocytes. In the following notes only such changes as conflict with, or add to, those described under Experiment 1 will be commented upon.
hours afhr/t~ inilial injexffon:
No hemoglobin was demonstrable in the spleen, femoral marrow, or fiver. There was no demonstrable iron in the femoral marrow, g4 hours: There were huge numbers of intracellular hemoglobin bodies in the cells of the proximal convoluted tubules, and a small amount of demonstrable iron. Within a few cells the hemoglobin was in the form of a single, comparatively huge, body as large as 5 micra across. There was no hemoglobin in the liver, spleen, and femoral marrow. 42 hours: These rats had received exceptionally large doses of hemoglobin. In both the thick cleared sections and in the routine sections it appeared as if a large majority of the nephrons had been filled in the manner previously deseribed. A great many of the glomerula~ spaces contained dense, structureless sheets of hemoglobin. There was a large amount of demonstrable iron in the renal epithelium, traces in the Kupffer cells, but none in the femoral marrow. There was no hemoglobin in the liver, spleen, or femoral marrow. 65 hours: Mitotic figures were prominent in the tubule cells of the boundary zone and some of the walls were disrupted. 333 hours: More damage to the kidney was seen in these three rats than in the one comparable rat of Experiment 1. Scattered throughout the cortex were clusters of tubules, apparently from single nephrons, lined by low cuboidal epithelium and containing dense intracenular masses of hemosiderin. There were areas of interstitiM inflammatory reaction in both cortex and boundary zone, some characterized by giant cells which had multiple nuclei and contained masses of hemoglobin. There were a few dilated tubular segments filled with unchanged hemoglobin and clustered about by polymorphonuclear leucocytes. The collecting tubules of the papilla appeared normal. Even in the cortex by far the great majority of the proximal convoluted tubules were of the usual size and staining reaction though there were fine particles of hemosiderin within most of the cells. 501 hours: There were a few atrophic tubules hut most appeared normal and fine particles of intracellular hemosiderin were fewer.
Experimen~ 3
Six rats were given a complete course of five injections of 16 cc. of 6.2 per cent hemoglobin and returned to stock diets. No urine or blood level studies were carried out on this group. Three were killed after 5 weeks. In the gross there were several depressed, brown, areas on both kidneys of two of the rats those of the third rat appearing normal in the gross. Microscopically the scars (Figs. 9 and 10) were seen to be formed by atrophic tubules surrounded by a lymphocytic infiltrate. Elsewhere there were fine particles of intracellular hemosiderin in the proximal tubular epithelium which otherwise appeared normal (Fig. 11) . Intraluminal contents of any sort were practically absent and detectable only in the thick cleared sections. The remaining three rats were killed after 9 weeks. Of these only one had grossly visible scarring. Microscopically there were rare atrophic pigmented tubules. The remainder of the tubules were as before. A few intertubular phagocytic cells contained hemosiderin.
RENAL ATHROCYTOSIS
R~SUM~ AND DISCUSSION Within 2 hours (Table I ) the serum hemoglobin rose to a level of 735 mg. per 100 cc. The average urinary excretion of hemoglobin of nine rats was 3.23 rag. For comparison with other data in the table this has been calculated on a 24 hour basis, amounting to 38.8 mg. The comparatively low level of hemoglobin excretion during the first 2 hours is attributable to the time required for the absorption of hemoglobin from the peritoneal cavity into the blood stream. It is theoretically possible that a lag in the excretion of hemoglobin dependent on complete athrocytosis of the hemoglobin from the tubular urine might be demonstrated with appropriate doses, but such conclusions cannot be drawn from the figures here available. In the two rats killed at the end of the 2 hour period, discrete bodies, with the staining characteristics of hemoglobin, were found in small numbers within the epithelium of the proximal convoluted tubules. The weight of hemoglobin athrocytosed is too small for estimation from the combined kidney weights. The number of intracellular hemoglobin particles increased rapidly, until, in the three rats killed 17 hours after the initial injection, the renal epithelium was packed with them ( Figs.  2 and 3) . Here again it is useless to attempt a calculation of the weight of athrocytosed material since at this stage the intraluminal deposition of hemoglobin had become relatively prominent (Fig. 5) . It can be said, however, that a significant formation of "casts" did not take place until the amount of athrocytosed material reached a maximum. The appearance of hemosiderin and the histochemical identification of iron with the Berlin blue technique was taken as evidence that intracellular splitting of hemoglobin had occurred. It would not be accurate to infer that there was a delay of 8 hours in this process. The breakup of the molecule probably occurred some time before the release of inorganic iron. This histochemically demonstrable iron reached its maximum in about 65 hours; thereafter it slowly disappeared in the manner described above. Hemoglobin was not at any time demonstrable in the parenchymal cells of the liver, the Kupffer cells, nor in phagocytic cells of the spleen or femoral marrow. Only a very tiny, almost negligible, amount of histochemically identifiable iron appeared in those sites.
lntraluminal Accumulation of Hemoglobin:--No attempt was made to alter or assess the pH of the urine during these experiments. Previous experience with the colony has shown that the rats excrete a urine with a pH of about 6 with great persistence, despite most dietary alterations. As mentioned above, the intraluminal deposition of hemoglobin was not prominent until the renal epithelium was packed with intracellular hemoglobin. At this stage, probably, the cells were unable to take in any more hemoglobin from the tubular urine. However this may be, the hemoglobin was observed to accumulate first in the terminal portion of the distal tubules or in the connecting tubules. The collect-ing tubules remained free of hemoglobin. What occurred after this might be interpreted as a retrograde filling of the nephrons (Figs. 5 and 8 ). It appears that some of the proximal convolutions must have filled in this way. The interpretation of the dense sheet-like masses of hemoglobin in the glomerular spaces is otherwise obscure. Such masses of hemoglobin in the glomerular spaces indicate a concentration there greater than in the circulating blood. An alteration in permeability of the glomerular membrane alone could hardly account for this, nor do the data in Table I suggest that such permeability existed. With serial sections it was possible to show that the dense masses of hemoglobin in the glomerular spaces were continuous with a similar content of the proximal convoluted tubules (Fig. 12) .
Structural Damage~-There was no evidence that the intracellular accumulation of hemoglobin damaged the renal epithelium. It was not until large amounts of hemoglobin were present within the lumina of the nephrons that changes indicative of injury became noticeable. These were the appearance of mitotic figures in the renal epithelium of the boundary zone, flattening of the epithelium of the tubules which contained intraluminal hemoglobin, rupture or dissolution of the tubular walls, extrusion of hemoglobin into the interstitial tissue, and inflammatory reaction, with or without giant cell formation. There were relatively few damaged nephrons at the termination of the experiments. These were of two types: one with a dikted lumen plugged with apparently unchanged hemoglobin, sometimes clustered about by leucocytes; the other an atrophic nephron whose proximal convolution was lined by small low cuboidal, rather basophilic, cells which contained dense masses of hemosiderin. Azocarmine stains showed no alteration in the thickness of the glomerular membranes, either during or after the passage of hemoglobin.
Oliguriar--In both experiments oliguria occurred near the 70th hour after the initial injection and about 20 hours after the final injection. The average urine output per hour dropped to about 15 per cent of its previous value. The tables indicate that a diuresis of short duration succeeded the oliguria at about the ll0th hour after the initial injection. From the appearance of the thick cleared sections studied at the 65 hour stage (Fig. 6 ) it seems that the oliguria is to be explained as a consequence of interference with flow through the nephron, and was not a consequence of plugging of the collecting ducts. The great increase in the weight of the kidneys at this stage indicates the amount of intraluminal hemoglobin present.
It is clear that the experimental data contained in this paper neither confirm nor deny the hypothesis outlined in the beginning, though they are compatible with it. Evidence of renal athrocytosis of the intraperitoneally injected protein was found as early as 2 hours after the first injection. The total excretion of hemoglobin during the first 2 hours was relatively little, although at the close l~ENAL ATHI~OCYTOSIS of this period the blood level had risen to 735 rag. per 100 cc. The hypothesis, as outlined, implies an intracellular breakdown of the athrocytosed protein and its return to the blood stream in a simpler form. These experiments show that iron, capable of reacting to form ferric ferrocyanide, is detectable within 8 hours after the initial injection. The fate of the globin portion of the hemoglobin molecule is not traceable with the techniques used here.
With respect to the distribution of hemoglobin and, subsequently, of hemosiderin, it is of considerable interest that neither substance was found at any time after the initial injections in the Kupffer cells of the liver, in the femoral marrow, or in the spleen. It might have been expected that phagocytosis of hemoglobin and the formation of hemosiderin would have occurred at these three sites. The failure to find it is all the more puzzling when one considers that the concentration of hemoglobin in the plasma must have been greater than in the fluid in the proximal convoluted tubules.
The subsidiary findings in these experiments relate to the questions of oliguria as a consequence of hemoglobinemia, and the occurrence of structural damage to the kidney after the passage of large amounts of hemoglobin. With respect to the first question, we have shown that a transient oliguria may be a consequence of hemoglobinemia in the rat when the plasma level is in the neighborhood of 1 gm. per 100 cc., a level which would be approached in a man after hemolysis of about 400 cc. of blood. The oliguria in the rat seems to be due, not to a "plugging" of the collecting tubules, but to a simple interference with flow through the lumen of the nephron, presumably a consequence of the increased viscosity of the protein-rich fluid. With respect to the second question, we have shown that structural damage to the kidney does occur, but it is of moderate extent and severity, and the ultimate effect on the kidney is slight.
SUMMARy
The athrocytosis of hemoglobin by the epithelium of the proximal convoluted tubules in the kidney of the rat was studied after its intraperitoneal injection, absorption into the blood stream, and glomerular filtration. The earliest appearance of the athrocytosed particles, their accumulation, intracellular breakdown, and disappearance were followed. In addition observations were made on the intraluminal disposition of hemoglobin "casts" with the Spalteholz clearing technique; on the structural changes in the kidney in consequence of the injections; and on the development of a transient oliguria during the course of the experiment. The significance of the findings is considereal. 
